r Perinatal hypoxia causes pulmonary hypertension in neonates, including humans. However, in species adapted to hypoxia, such as the llama, there is protection against pulmonary hypertension.
Introduction
Nitric oxide (NO) plays a key role in contributing to the mechanisms mediating the pulmonary vasodilatation that occurs during the fetal to neonatal transition at birth (Abman, 1999 (Abman, , 2007 Gao & Raj, 2010) . NO produced by endothelial nitric oxide synthase (eNOS) diffuses through to pulmonary arterial smooth muscle cells (PASMCs) to initiate a cGMP protein kinase G (PKG-1)-dependent cascade, which promotes smooth muscle relaxation via mechanisms including calcium desensitization and hyperpolarization (Gao & Raj, 2011; Jernigan & Resta, 2014; Gai et al. 2015) . These dilatatory effects of NO on the pulmonary vasculature are particularly important when the fetal to neonatal transition takes place at high altitude where there is a low atmospheric, alveolar and pulmonary arterial P O 2 . Despite protective effects of NO-mediated pulmonary vasodilatation, it is established that high-altitude hypobaric hypoxia promotes persistent pulmonary hypertension of the newborn in humans (Gao & Raj, 2011) and other animals ) from sea level ancestry. This is different in the llama, a species thought to have lived in the Alto Andino for at least two million years (Webb, 1978; Stanley et al. 1994) , allowing the selection of genes to promote greater cardiopulmonary protective mechanisms to withstand hypoxia.
Several studies in the llama during the fetal, newborn and adult period support the idea that this species is genetically adapted to the hypobaric hypoxia of life at high altitude. Among such adaptations, fetal llamas have lower basal cardiac output and organ blood flows, and greater peripheral vasoconstrictor responses to acute stress (Giussani et al. 1999; Llanos et al. 2007) . Arterial blood from newborn llamas shows higher saturation of haemoglobin with oxygen compared with highland newborn sheep, suggesting a greater affinity for oxygen in their haemoglobin (Moraga et al 1996) . Further, in contrast to sheep, newborn or adult llamas at high altitude do not show an increase in haemoglobin concentration in their blood Herrera et al. 2008a) and we have previously reported that neonatal llamas at high altitude show normotensive values for pulmonary arterial pressure during basal conditions (Herrera et al. 2008a) .
At sea level, NO is not only important in protecting the pulmonary circulation during basal conditions but also in response to acute episodes of hypoxic stress. In newborn animals the vasodilatatory actions of NO also protect against exaggerated pulmonary arterial constrictor responses during the period of oxygen deprivation (Kylhammar & Radegran, 2017) . However, the effects on cardiopulmonary function of acute hypoxia superimposed on high-altitude hypobaric hypoxia in the newborn llama and any protective role of NO under these stimulated conditions is unknown. Therefore, adopting an integrative approach combining studies in vivo with experiments at the isolated organ and molecular levels, we determined the role of NO in the cardiopulmonary responses to an acute episode of hypoxia in high-and lowland newborn llamas. We tested the hypothesis that the pulmonary arterial hypertensive response to acute hypoxia in highland relative to lowland newborn llamas is diminished by enhanced NOdependent mechanisms. The programme of work determined: (1) in vivo pulmonary and systemic arterial blood pressure, during basal conditions and during an episode of acute hypoxia with and without in vivo NO blockade; (2) constrictor and dilatator reactivity in isolated pulmonary arterial resistance vessels; (3) morphological remodelling of small pulmonary arteries; and (4) establishing in vitro in lung tissue the expression of proteins and small molecules involved in vasodilatator mechanisms downstream from NO, including cGMP, large-conductance calcium-dependent potassium channels (BKCa), phosphodiesterase 5 (PDE5), phospho-serine92-phosphodiesterase5 (Pser92-PDE5), cGMP-dependent protein kinase (PKG-1), Rho-associated kinase 1 and 2 (ROCK1 and 2), myosin phosphatase target subunit 1 (MYPT1), phospho-serine695-myosin phosphatase target subunit 1 (PSer695-MYPT1), phospho-threonine696-myosin phosphatase target subunit 1 (PThr696-MYPT1), myosin light chain (MLC 20 ) and phospho-serine 19 myosin light chain (PSer19-MLC 20 ).
Methods
All animal care, procedures and experimentation were conducted in accordance with The Guide for the Care and Use of Laboratory Animals of the National Research Council and the UK Animals (Scientific Procedures) Act 1986. All procedures were approved by the Ethical Review Committee of the Faculty of Medicine (Protocols CBA#040 and CBA0232), University of Chile. After in vivo experimentation, instrumented animals were submitted to a new anaesthetic protocol to remove the catheters. Daily postoperative care was implemented until full recovery and animals were returned to the flock. These were not used in further experiments. The authors understand the ethical principles under which the journal operates and declare that the present work complies with these policies (Grundy, 2015) .
Animals
Seven lowland llamas (LALL age = 8.9 ± 1.2 days, weight = 13.8 ± 0.9 kg), born and raised at the Estación Experimental Germán Grove Silva, Universidad de Chile, Santiago, 580 m above sea level and six highland llamas (HALL age = 9.5 ± 0.7 days, weight = 10.1 ± 0.2 kg), born and raised at Estación Experimental Putre, International Centre for Andean Studies (INCAS), Universidad de Chile, 3600 m above sea level were used in this study. The newborn animals and their mothers were housed in an open yard with access to food and water ad libitum and the newborn animals were familiarized with the laboratory conditions for 3 days prior to catheterization. Tissues for ex vivo small artery experiments and in vitro procedures were obtained from a separate group of non-instrumented newborn LALL (n = 6) and HALL (n = 7) at equivalent ages.
In vivo experiments
Surgical preparation of newborn llamas. Surgery was carried out at 9-10 days old. The animals were pre-medicated with atropine (0.04 mg kg
atropine sulphate, Laboratorio Chile, Santiago, Chile) and anaesthetized with ketamine (ketamine, 10 mg kg Ketostop, Drag Pharma-Invectec, Santiago, Chile) and diazepam (0.1-0.5 mg kg −1 I.M., Laboratorio Biosano, Santiago, Chile) with additional local infiltration of lidocaine (2% lidocaine hydrochloride, Dimecaína, Laboratorio Beta, Santiago, Chile) in the incision area. Polyvinyl catheters (0.8 mm i.d.) were placed in the descending aorta and inferior vena cava via femoral vessels. The polyvinyl catheters were exteriorized subcutaneously through the flank and kept in a pouch sewn onto the skin. A Swan-Ganz catheter (Edwards Swan-Ganz 7 French, Baxter Healthcare, Irvine, CA, USA) was placed into the J Physiol 596.23 pulmonary artery through the right external jugular vein, exteriorized and located in a pouch around the neck of the animal. All vascular catheters were filled with heparinized solution (500 IU heparin ml −1 0.9% NaCl) and plugged with a copper pin. Ampicillin (10 mg kg −1 I.M.; Ampicilina, Laboratorio Best-Pharma, Santiago, Chile) and gentamycin (4 mg kg −1 I.M.; Gentamicina Sulfato, Laboratorio Biosano) were administered every 12 h while the animals were instrumented. Sodium metamizole (0.1 mg kg −1 I.M.) was given immediately postoperatively and for a further 3 days. The experiments commenced 3 days after surgery.
Cardiopulmonary recording during acute hypoxic challenge. LALL and HALL were subjected to experiments based on a 3 h protocol divided into three periods: 1 h of baseline, 1 h of hypoxia and 1 h of recovery. After the first hour when the animal breathed environmental air (baseline), a loosely tied transparent polyethylene bag was placed over the animal's head into which a controlled mixture of air, N 2 and CO 2 was passed at ca. 15 l min −1 . Hypoxia (9%O 2 and 2-3% CO 2 in N 2 ) was induced to reduce the P aO 2 to ca. 30 mmHg, without altering P aCO 2 (Giussani et al. 1999; Herrera et al. 2008b Herrera et al. , 2010 Parrau et al. 2013; López et al. 2016; Castillo-Galán et al. 2016) . After the hour of isocapnic hypoxia the animal was returned to breathing atmospheric air for a further 60 min (recovery). During the first experiment, the llamas received an infusion of a solution of 0.9% NaCl (control vehicle treatment). The following day, N G -nitro-L-arginine methyl ester (L-NAME, Sigma Chemical Co., St Louis, MO, USA; 20 mg kg −1 bolus plus infusion at 0.5 mg kg −1 min −1 dissolved in 0.9% NaCl) was administered to inhibit in vivo NOS activity (Rees et al. 1990; Zou et al. 1998 . Infusions were given via the inferior vena cava, starting 15 min before hypoxia, until the end of the hypoxic challenge. Arterial blood samples (0.3 ml) were taken in heparinized syringes from the animals at 15 and 45 min of baseline, at intervals of 15 min during the hypoxic hour, and at 15 and 45 min during the recovery period. Arterial pH, P O 2 , P CO 2 (ABL 555, Blood gas Monitor, Radiometer, Copenhagen, Denmark; measurements corrected at 38.5°C), percentage saturation of haemoglobin and haemoglobin concentration were measured (OSM3 Haemoximeter, Radiometer). Systemic and pulmonary arterial pressure (PAP) were measured continuously (Statham P23 transducers BB-db, Hato Rey, Puerto Rico) and recorded using a data acquisition system connected to a PC. Heart rate, and mean systemic (mSAP) and pulmonary (mPAP) arterial pressures were calculated from this recording. Cardiac output was determined as before by thermodilution as the average of three measurements after injection of 5 ml 0.9% NaCl chilled to 0°C (Baxter COM-2 cardiac output computer, Irvine, CA, USA; Herrera et al. 2007) . Pulmonary (PVR) and systemic vascular resistance (SVR) were calculated using the following equations:
Cardiac output(mlmin
Blood oxygen content (O 2 cont), was calculated using the following equation:
Wire myography
Non-instrumented newborn llamas were killed via an overdose of sodium thiopentone 100 mg kg
(Tiopental; Laboratorio Biosano) at 9-10 days old. The right lung was isolated and immediately immersed in ice-cold saline. Under a dissecting microscope (Nikon #102, 40×), the pulmonary vascular tree was dissected, and fifth to sixth generation vessels (counting from the pulmonary artery trunk) were carefully isolated, cleaned and cut into ß2.0 mm segments (Herrera et al. , 2008b Parrau et al. 2013; Torres et al. 2015) . The vessel segments were mounted onto a wire myography chamber (410M, Dual Wire Myograph, Danish Myo Technologies, Aarhus, Denmark), filled with Krebs-Ringer-Bicarbonate (KRB) solution containing (in mM) NaCl 118.5, NaHCO 3 25, KCl 4.7, KH 2 PO 4 1.2, MgSO 4 1.2, CaCl 2 2.5 and glucose 5.5 at a pH of 7.4, at 37°C and aerated with 95% O 2 /5% CO 2 . Each artery was stretched to its individual optimal lumen diameter, determined as the diameter at which it developed the strongest contractile response to 125 mM K + , as previously described (Villamor et al. 2002; Herrera et al. 2007) . Once the optimal diameter was established, the vessels were placed under resting conditions for 30 min. Concentration-response curves to contractile stimulation by K + (4.75-125 mM K + ) were obtained by equimolar replacement of NaCl by KCl in the KRB solution. Concentration-response curves to the relaxant agent sodium nitroprusside (SNP) (10 −10 -10 −3 M) were constructed in vessels pre-contracted with 125 mM K + . Two minutes were allowed between each dose. Furthermore, 30 min of resting conditions was allowed between each experimental protocol. Dose-response curves were analysed in terms of sensitivity and maximal response by fitting experimental data to a Boltzmann equation and by a non-linear dose-response equation for KCl and SNP, respectively (Prism 5.0, GraphPad Software, La Jolla, CA, USA). Responses were expressed in terms of net tension for K + (force divided by length of the arterial segment in N m -1 ) or in relation to the K + -induced maximal constriction (%K MAX ). Sensitivity was calculated as pD 2 , where pD 2 = −log[EC 50 ], EC 50 being the concentration at which 50% of the maximal response was obtained ).
cGMP determination
Lung tissue was homogenized in five volumes of 5% trichloroacetic acid followed by water-saturated diethyl ether extraction. The resulting lung lysate was assayed for cGMP content with a commercial ELISA kit (Cyclic GMP ELISA kit, Cayman Chemical 581021, Ann Harbor, MI, USA).
Immunoblot
Lung lysates were prepared in RIPA buffer and submitted to immunoblot analysis with specific anti-BKCa (monoclonal, Neuromab, Davis, CA, USA, clone L6/60), anti-PKG-1 (polyclonal, Enzo LifeSciences, Plymouth Meeting, PA, USA), anti-PSer92-PDE5 (polyclonal, FabGennnix, Frisco, TX, USA), anti-ROCK2 and anti-PDE5 (monoclonal, BD Transduction Labs), anti-ROCK1 and anti-MYPT1 (monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PSer695MYPT1 (Polyclonal, Santa Cruz Biotechnology), anti-PThr696MYPT1 (polyclonal, Upstate, Lake Placid, NY, USA), anti-MLC 20 (monoclonal, Santa Cruz Biotechnology) and antiPSer19-MLC 20 (polyclonal, Cell Signaling, Danvers, MA, USA), anti-α-actin and anti-β-actin antibodies (monoclonal, Sigma). The intensities of the bands corresponding to the immunoblot experiments were quantified by densitometry, using Scion Image Software (Scion Image Beta 4.02 Win; Scion Image Corporation, Fredrick, MD, USA).
Histology of pulmonary arteries
The left lung was isolated and perfused with 4% paraformaldehyde. A piece was isolated and further fixed in 4% formaldehyde for 24 h at 4°C, washed in PBS and embedded in paraffin. Van Gieson staining was performed on 10 μm slices. Images of parenchymal arterioles were acquired using a binocular microscope (Olympus BX-41) coupled to a digital camera (Qimaging GO3) and a computer equipped with ImagePro 6.3 software for determination of smooth muscle vascular area. The area of vascular smooth muscle was calculated as follows: smooth muscle cell (SMC) area (%) = external muscle area − internal area/external muscle area × 100, where the external muscle area and the internal area are the external and internal boundaries of the tunica media, respectively (Minamino et al. 2001; Herrera et al. 2008a) . At least five arteries (100-300 μm) per lung were chosen and the average of five measurements from each artery was recorded.
Statistical analysis
All values are expressed as means ± SEM. For in vivo experiments, the hypoxic episode was divided into early hypoxia (EH, the first 15 min) and late hypoxia (LH, the last 45 min; see Giussani et al. 1999) . Moreover, the area under the curve of the PAP response during acute hypoxia was calculated. Statistical analyses were performed using a two-way analysis of variance (ANOVA) followed by the Newman-Keuls post hoc test. For ex vivo and in vitro experiments, differences between mean values were assessed by Student's t test for unpaired data or the Mann-Whitney test, where appropriate. For all comparisons, statistical significance was accepted at P < 0.05 (Glantz & Slinker, 2001) .
Results

Acid-base status and blood gases
Control experiment. Values for pH were similar between experimental groups during all experimental periods (Table 1 ). In contrast, P aCO 2 and P aO 2 were lower in HALL relative to LALL during basal, basal + NaCl and recovery stages. In both HALL and LALL, P aO 2 decreased to similar values during early and late hypoxia compared to basal and recovery periods (Table 1) . We calculated the alveolar P O 2 difference (data not shown) and did not find any physiological shunt across the pulmonary circulation in HALL. Values for Hb saturation with O 2 also decreased in LALL and HALL during early and late hypoxia when compared to corresponding basal and recovery periods. However, O 2 content decreased significantly only in LALL during superimposed hypoxia.
L-NAME experiment. During L-NAME administration, changes in the values for blood gases and pH were equivalent to those measured in the control protocol for both HALL and LALL groups (Table 2) .
In vivo pulmonary circulation responses
Control experiment. LALL and HALL had similar values for mPAP during basal conditions (Fig. 1A) . Both LALL and HALL responded to acute hypoxia with a biphasic elevation in mPAP, showing a greater increase during the first 15 min, followed by less marked but still significant pulmonary hypertension during the remaining 45 min of acute hypoxia (Fig. 1A) . Importantly, during early hypoxia, HALL showed a diminished rise in mPAP relative 
LALL (n = 7) 97 ± 2 9 6± 2 6 8± 3 * 69 ± 5 * 95 ± 3 HALL (n = 6) 92 ± 11 88 ± 6 7 8± 4 * 75
9.8 ± 0.4 10.0 ± 0.4 11.6 ± 0.7 * 11.4 ± 0.7 * 9.9 ± 0.4 HALL (n = 6) 8.6 ± 0.9 9.4 ± 2.0 9.1 ± 1.5
12.0 ± 0.8 12.8 ± 0.4 10.4 ± 0.6 * 10.4 ± 0.6 * 12.6 ± 0.5 HALL (n = 6) 9.1 ± 1.8 † 11.2 ± 1.4 † 9.6 ± 1.1 † 9.4 ± 1.0 † 10.6 ± 0. 
L A L L ( n = 6) 9.9 ± 0.4 10.3 ± 0.4 11.8 ± 0.6 * 11.5 ± 0.6 * 10.3 ± 0.5 HALL (n = 6) 8.7 ± 0.7 8.8 ± 1.6
12.8 ± 0.5 13.1 ± 0.5 10.3 ± 0.6 10.6 ± 0.5 12.9 ± 0.5 HALL (n = 6) 10.7 ± 0.9 † 10.2 ± 1.3 † 9.0 ± 1.0 † 8.8 ± 1.0 † 10.3 ± 0.6 † Arterial blood gases and acid-base status in L-NAME-treated lowland (LALL) and highland (HALL) newborn llamas. Values are means + SEM. B, basal; B + I, basal + L-NAME infusion; EH + I, early hypoxia+ L-NAME infusion; LH + I, late hypoxia+ L-NAME infusion; R, recovery. Significant differences (P < 0. to LALL (Fig. 1A) . The area under the curve during the acute hypoxic episode was also significantly smaller in HALL compared with LALL (Fig. 1A, inset) . During the recovery period, mPAP returned to basal values in both groups of animals (Fig. 1A) . Cardiac output remained unchanged from baseline during all experimental periods in both LALL and HALL groups ( Fig. 2A) . Therefore, values for PVR showed a similar response pattern to values for mPAP in both LALL and HALL animals.
However, values for PVR did not differ significantly between LALL and HALL groups during acute hypoxia (Fig. 2B ).
L-NAME experiment. Infusion with L-NAME during the basal period increased mPAP in HALL but not in LALL (Fig. 1B) . During acute hypoxia, treatment with L-NAME led to a greater increase in mPAP in HALL compared with LALL, and in both groups the increase in mPAP was greater than the increase measured during saline infusion in the control experiment ( Fig. 1A and B) . During L-NAME infusion, there was a similar fall in CO in both LALL and HALL groups (Fig. 2B) , which remained significantly lower throughout all experimental periods compared to saline infusion during the control experiment (Fig. 2C) . In LALL animals, compared to saline infusion in the control experiment, values for PVR were significantly greater during early and late hypoxia with L-NAME treatment. In contrast, in HALL animals, compared to saline infusion in the control experiment, values for PVR were significantly greater during baseline, hypoxia and recovery periods with L-NAME treatment (Fig. 2D) .
In vivo systemic cardiovascular responses Control experiment. Basal HR was not different and increased similarly during early and late hypoxia in both LALL and HALL animals during saline infusion (Fig. 3A) . In contrast, values for mSAP and SVR remained Groups are low-altitude (LALL) and high-altitude (HALL) newborn llamas infused with NaCl 0.9% (Control) or L-NAME. Continuous recording of mPAP and area under the curve during acute early and late hypoxia (inset) in (A) NaCl-infused and (B) L-NAME-infused LALL (open symbols) and HALL (filled symbols). B, basal; B + I, basal + 0.9% NaCl infusion; EH + I, early hypoxia + 0.9% NaCl infusion; LH + I, late hypoxia + 0.9% NaCl infusion; R, recovery. Significant differences (P < 0.05, ANOVA + Student-Newman-Keuls test): * vs. basal; * * vs. B, B + I, R; § vs. all in the same group; † LALL vs. HALL; # NaCl vs. L-NAME. Repeated symbols either in black or white refer to within-group comparisons for HALL and LALL, respectively.
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unchanged from baseline during acute hypoxia in LALL and HALL animals during saline infusion ( Fig. 3B and C) .
L-NAME experiment. Infusion with L-NAME reduced HR under basal conditions, but it did not prevent its increase during early or late hypoxia in both LALL and HALL animals (Fig. 3D) . Infusion with L-NAME also increased values for mSAP and SVR to similar extents during all experimental treatments in both LALL and HALL animals, compared to saline infusion during the control experiment ( Fig. 3E  and F) .
Vascular reactivity of pulmonary resistance arteries
The concentration-response curve to K + based on isolated segments of pulmonary arteries showed that HALL had a significantly greater maximal contractile response (K MAX ), but similar sensitivity (EC 50 ) compared with LALL ( Fig. 4A and B) . By contrast, the concentration-response curve to SNP showed that isolated pulmonary arteries from HALL compared with LALL had a significantly greater maximal relaxant response and greater sensitivity (pD 2 ) to the NO donor ( Fig. 5A and B) .
Pulmonary cGMP content
The pulmonary cGMP content was similar for LALL (13.3 ± 1.9 pmol g −1 wet tissue) and HALL (13.9 ± 1.7 pmol g −1 wet tissue) (Fig. 6 ).
Pulmonary expression of proteins downstream of NO signalling
The pulmonary expression of phosphodiesterase-5 (PDE5/β-actin = 0. and HALL (filled symbols) infused with (A) NaCl and (C) L-NAME and pulmonary vascular resistance (PVR) in LALL and HALL infused with (B) NaCl and (D) L-NAME. Values are means + SEM. B, basal; B + I, basal + L-NAME infusion; EH + I, early hypoxia + L-NAME infusion; LH + I, late hypoxia + L-NAME infusion; R, recovery. Significant differences P < 0.05 (ANOVA + Student-Newman-Keuls test): * vs. basal; * * vs. B, B+I, R; § vs. all in the same group; † LALL vs. HALL; # NaCl vs. L-NAME.
for HALL), BKCa channels (BKCa/β-actin = 0.45 ± 0.12 for LALL vs. 0.61 ± 0.11 for HALL) and Rho-associated kinase1 ROCK1 (ROCK1/β-actin = 0.67 ± 0.14 for LALL vs.0.67 ± 0.04 for HALL) did not differ between LALL and HALL groups (Fig. 7) . In contrast, the expression of Rho-associated kinase 2 was down-regulated in HALL (ROCK2/β-actin = 1.65 ± 0.48 for LALL vs.0.94 ± 0.05 for HALL, P < 0.05) (Fig. 7) . 
. Cardiovascular variables
Groups are low-altitude (LALL) and high-altitude (HALL) newborn llamas infused with NaCl 0.9% (Control) or L-NAME. Heart rate (HR) in LALL (open symbols) and HALL (filled symbols) infused with (A) NaCl or (D) L-NAME; mean systemic arterial pressure (mSAP) in LALL and HALL infused with (B) NaCl or (E) L-NAME; and systemic vascular resistance (SVR) in LALL and HALL infused with (C) NaCl or (F) L-NAME. Values are means + SEM. B, basal; B + I, basal + L-NAME infusion; EH + I, early hypoxia + L-NAME infusion; LH + I, late hypoxia + L-NAME infusion; R, recovery. Significant differences (P < 0.05, ANOVA + Student-Newman-Keuls test): * vs. basal; * * vs. B, B+I, R; § vs. all in the same group; † LALL vs. HALL; # NaCl vs. L-NAME.
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Pulmonary expression and phosphorylation of the regulatory subunit of the myosin light chain phosphatase and myosin light chain
The pulmonary expression of total regulatory subunit of the myosin light chain phosphatase, also known as myosin phosphatase target 1 (MYPT1), was increased in highland compared to lowland newborn llamas (MYPT1/β-actin = 0.98 ± 0.22 for LALL vs. 1.63 ± 0.11 for HALL, P < 0.05). In contrast, neither the expression of its phosphoserine and more active form (PSer695-MYPT1/β-actin = 0.79 ± 0.22 for LALL vs. 0.65 ± 0.07 for HALL) nor the expression of its phosphothreonine and less active form (PThr696-MYPT1/β-actin: 1.291 ± 0.48 for LALL vs.
2.04 ± 0.25 for HALL) changed between the two groups (Fig. 8) . The expression of total myosin light chain (MLC 20 ) increased in highland compared to lowland newborn llamas (MLC 20 /β-actin: 0.68 ± 0.16 for LALL vs. 1.17 ± 0.11 for HALL, P < 0.05), but its phosphoserine and more contractile form (PSer19-MLC 20 /β-actin) was down-regulated in highland compared to lowland newborn llamas (1.56 ± 0.32 for LALL vs. 0.89 ± 0.13 for HALL, P < 0.05) (Fig. 8 ). 
Pulmonary α-actin expression and morphometric analysis of pulmonary arteries
The pulmonary artery expression of α-actin was similar between LALL and HALL groups (α-actin/ β-actin = 1.37 ± 0.33 for LALL vs. 1.34 ± 0.14 for HALL) (Fig. 9A) . However, the medial layer area of small pulmonary arteries isolated from HALL was significantly greater compared to small pulmonary arteries isolated from LALL animals (medial layer area = 27.00 ± 1.62 for LALL vs. 44.70 ± 0.93 for HALL, P < 0.05) (Fig. 9B ).
Discussion
In this study, we determined the role of NO in the cardiopulmonary responses to an episode of acute hypoxia in high-and lowland neonatal llamas. Adopting an integrative approach, combining functional studies in vivo and in isolated vessels with cellular and molecular techniques, we tested the hypothesis that the pulmonary arterial hypertensive response to acute hypoxia in highland relative to lowland newborn llamas is diminished by enhanced NO-dependent mechanisms. The data support the hypothesis tested and show that highland compared with lowland newborn llamas have a significantly lower pulmonary arterial pressor response to acute hypoxia, despite similar cardiac output and systemic arterial blood pressure during the challenge. The mechanism of the pulmonary vascular protection to superimposed acute hypoxia in highland animals is mediated in part via enhanced NO, as in vivo treatment with L-NAME led to a greater increase in mean arterial pulmonary pressure and the ex vivo relaxant response to SNP in isolated pulmonary arterial segments was greater in highland compared to lowland newborn llamas. However, the pulmonary expression of proteins involved in dilatator mechanisms downstream from NO, including the large-conductance calcium-dependent potassium channels (BKCa), phosphodiesterase 5 (PDE5) and its phosphoserine activated fraction (PSer92-PDE5), as well as cGMP-dependent protein kinase (PKG-1) were not different between the groups. Consequently, the pulmonary cGMP content of lowland and highland llamas and the expression of the phosphoserine-and phosphothreonine-myosin phosphatase target 1 subunit (PSer695MYPT1 and PThr696MYPT1) were also similar. In contrast, the expression of total myosin phosphatase target 1 (MYPT1) was increased, whilst Rho-associated kinase 2 (ROCK2) and phospho-serine 19 myosin light chain (PSer19-MLC 20 ) were decreased in isolated lung tissue. Combined, these data suggest that blunted pulmonary tissue Rho-kinase and Ca 2+ desensitization may encompass adaptive mechanisms allowing NO-dependent vasodilatator actions in the highland llama. NO-dependent mechanisms mediating protective pulmonary vasoactive responses were insufficient to prevent pulmonary arterial remodelling, as evidenced by a greater pulmonary medial layer area and a greater pulmonary arterial constrictor response to potassium in highland compared to lowland newborn llamas. Previous studies have suggested a role for NOdependent mechanisms in conferring protection against basal pulmonary arterial hypertension in humans and animals adapted to chronic hypoxia. Beall et al. (2001) reported that exhalation of NO by chronically hypoxic populations of adult Tibetan residents living at 4200 m and of Bolivian Aymara residents living at 3900 m is unexpectedly increased compared with a reference sample of low-altitude dwellers. Therefore, increasing concentrations of pulmonary NO in two geographically distant high-altitude populations is in keeping with its adaptive role in offsetting adverse responses to chronic hypoxia. The same group of investigators measured higher exhaled NO associated with higher basal pulmonary blood flow in young adult Tibetan residents relative to lowland controls (Hoit et al. 2005) . They suggested that NO in the lung may play a key beneficial role in allowing human highland populations to compensate for environmental chronic hypoxia with greater basal pulmonary blood flow and oxygen delivery without the need and, thereby, the adverse consequences of higher basal PAP (Hoit et al. 2005) . Similarly, in adult yaks (Ishizaki et al. 2005) and in highland newborn llamas and sheep (Herrera et al. 2008a) , NO blockade elevated basal PAP. Furthermore, a recent study of Tibetan babies reported an association between being born at high altitude and increased exhaled NO during the first week of life (Wu et al. 2016) . In the present study, despite highland relative to lowland newborn llamas being chronically hypoxic with lower arterial P O 2 values, highland neonates not only showed normal values for pulmonary arterial blood pressure during basal conditions, but also a significantly blunted pulmonary hypertensive response to superimposed acute hypoxia; these effects were reversed following in vivo blockade of NO with L-NAME. In addition, isolated pulmonary vessels of highland newborn llamas had a markedly greater dilatator response to the NO donor SNP. Therefore, combined in vivo and in vitro data in the present study are consistent with up-regulation of pulmonary NO in protecting against pulmonary hypertensive responses to superimposed acute hypoxia in newborns from species adapted to the chronic hypoxia of life at high altitude, such as the llama. Additional molecular data in the present study show that the enhanced action of NO in the pulmonary vasculature of high-relative to lowland llama newborns cannot be attributed to a greater pulmonary protein expression of BKCa or PDE5. We also measured the expression of phosphorylated PDE5 at serine92 because phosphorylation at serine 92 activates PDE5 (Rybalkin et al. 2002) . We observed a similar expression of PSer92-PDE5 and a similar content of cGMP in lungs from high-and lowland llamas. By contrast, the expression of PKG-1 was also the same in both groups. We did not measure PKG enzyme activity, nor did we evaluate the vasodilatation of llama pulmonary arteries in response to PKG activation, but taken together, our data suggest that an enhanced nitrergic tone in HALL may rely on a mechanism downstream of PKG-1. In species that develop pulmonary hypertension, exposure to chronic hypoxia blunts the vasodilatator response of pulmonary arteries in response to PKG. For instance, despite the increase in PKG activity and protein content observed in pulmonary vessels from adult rats submitted to chronic hypoxia, the vasodilatation in response to activation of PKG-1 with 8 Br-cGMP was decreased (Jernigan et al. 2003) . By contrast, the expression of PKG-1 and its target MYPT1 is decreased in fetal ovine pulmonary artery myocytes exposed to low oxygenation in culture, reducing the interaction between PKG-1 and MYPT1, and favouring the interaction with ROCK1/2 and MYPT1. These findings suggest that Ca 2+ sensitization may be a mechanism underlying the pulmonary artery constrictor hyper-reactivity when these species are exposed to hypoxia (Singh et al. 2011) . In the present work, we observed that the amount of MYPT1 phosphorylated either in serine 695, accounting for a more active phosphatase, or in threonine 696, accounting for a less active phosphatase (Jernigan & Resta, 2014) , did not change under chronic hypoxia. However, the expression of total MYPT1 was increased, whilst the expression of ROCK2 was decreased in HALL. Moreover, despite the expression of MLC 20 being greater in HALL than in LALL, the expression of PSer19-MLC 20 accounting for a more contractile state was lower in HALL than in LALL. The parallel increase in MYPT1 may be a mechanism to counteract the increase in MLC 20 expression under chronic hypoxia. Taken together, these data suggest that blunted Rho-kinase, higher phosphatase and Ca 2+ desensitization may include mechanisms contributing to protect the newborn llama from excessive increases in pulmonary artery pressure and pulmonary vascular resistance during chronic hypoxia. Blunted pulmonary Rho-kinase function has also been measured in other species tolerant to hypoxia such as the yak, and this has been proposed as a mechanism to circumvent excessive hypoxic pulmonary vasoconstriction (Ishizaki et al. 2015) . Alternative pathways mediating dilatation downstream of NO include activation of Kir2.1 or Trek-1 potassium channels (Schubert et al. 2004; Dallas et al. 2008) .
It is also possible that the enhanced contribution of NO measured in the pulmonary vasculature of the high-relative to lowland newborn llama in the present study may be due to a decrease in NO metabolism rather than enhanced NO production and/or NO mechanisms of action. Several groups have now reported that developmental hypoxia increases oxidative stress (reviewed by Giussani & Davidge, 2013; Giussani et al. 2012 Giussani et al. , 2014 Herrera et al. 2014) and that increased generation of reactive oxygen species during hypoxia may decrease the bioavailability of NO, promoting an enhanced vasoconstrictor oxidant tone (Thakor et al. 2010a, b; Herrera et al. 2012; Kane et al. 2012 Kane et al. , 2014 . Conversely, there is evidence that humans and animals adapted to chronic hypoxia have increased expression of antioxidant defences. For instance, it is reported that highland pregnancy increased catalase and SOD activity to a greater extent in Andean relative to European women (Julian et al. 2012) . The mole rat, a species adapted to the chronic hypoxia of life underground, has an increased tissue expression of catalase, superoxide dismutase, glutathione peroxidase and heme-oxigenase 1, markedly enhancing its endogenous antioxidant capacity (Schülke et al. 2012; Lewis et al. 2013) . Enhanced antioxidant defences will quench the superoxide anion, relieving the sequestration of NO and thereby increasing its bioavailability. Certainly, there is evidence that antioxidant treatment can shift the vascular oxidant tone ratio towards vasodilatation in the placental and fetal circulation during normoxia or hypoxia (Thakor et al. 2010a,b; Kane et al. 2012 Kane et al. , 2014 Herrera et al. 2012 Herrera et al. , 2014 Giussani et al. 2012; Richter et al. 2012) . Similarly, antioxidant treatment with melatonin, or supplementation with tetrahydrobiopterin, reduces mean pulmonary arterial blood pressure and increases pulmonary NO bioavailability in newborn sheep and adult rats, respectively (Francis et al. 2014; Torres et al. 2015) .
After inhibition of NOS we found a substantial increase in mPAP during hypoxia, in both LALL and HALL. In addition, NOS blockade induced an ß8 mmHg rise in mPAP under basal conditions in HALL but not in LALL. Together, these results not only indicate an important role for NO in modulating pulmonary perfusion pressure either during acute or chronic hypoxia in both the highor low-altitude llama neonate, but they also suggest an essential nitrergic contribution to the basal pulmonary artery tone in the high-altitude llama neonate. eNOS activity and expression, as well as soluble guanylate cyclase (sGC) expression are similar in LALL and HALL. In contrast, haemoxygenase -carbon monoxide (HO-CO) signalling is up-regulated in HALL, suggesting that the HO-CO system protects HALL from hypoxic pulmonary hypertension (Herrera et al. 2008a) . The decreased ROCK2 expression, together with the increased MYPT1 expression observed in the present work, suggest blunted Rho-kinase function and decreased Ca 2+ sensitization, changes that may represent additional adaptive features of high-altitude adaptation in the llama.
In the present study, the myography data derived from isolated small pulmonary arteries show a markedly higher maximal contraction to K + in high-relative to lowland newborn llamas. This is consistent with increased contractile capacity and with greater muscularization of pulmonary arteries from highland newborn llamas. This is also in keeping with the morphometry data reported in the present study, which showed a thickening of the pulmonary artery medial wall in high-relative to lowland newborn llamas, matching the increased expression of total pulmonary MLC 20 . However, these data differ from changes reported in a previous study in high-altitude adult South American camelids that showed low PAP together with thinning of pulmonary arterial walls (Harris et al. 1982) . These reported differences are probably due to an effect of age in the llamas studied (adult vs. newborn) and in the heterogeneity of the South American species investigated (only llama vs. a mix of llama, guanaco and alpaca). In chronically hypoxic pulmonary hypertensive rats, prolonged inhalation of NO reduces the pathological thickening of the pulmonary artery walls (Kouyoumdjian et al. 1994) . Therefore, the enhanced pulmonary NO in highland newborn llamas may still convey protection against pulmonary artery remodelling by adulthood in these animals, as in the study reported by Harris et al. (1982) . Conversely, we cannot rule out a hypoxic up-regulation of voltage-dependent Ca 2+ channels to explain the greater K + tension in pulmonary arteries of HALL relative to LALL, as already described for chronically hypoxic mice (Wan et al. 2013) .
A final point of interest reported in the present study relates to data on haemoglobin concentration in arterial blood. High-relative to lowland newborn llamas had lower basal P aO 2 values but similar or even slightly lower haemoglobin concentration in arterial blood. A lower haemoglobin concentration reduces blood viscosity and peripheral vascular resistance (Gilbert-Kawai et al. 2014) . Therefore, the data may represent an adaptive blunted haematopoietic response to the chronic hypoxia of life at high altitude in highland newborn llamas. A blunted haematopoietic response in the highland newborn llama could be related to mutations in the EPAS1 gene that codes for HIF-2α protein, as described in high-altitude Tibetans (Beall et al. 2010) . Camelids are known to compensate for lower haemoglobin concentrations and reduced oxygen-carrying capacity by other means, including higher affinity for oxygen in their haemoglobin, smaller elliptical red blood cells that increase the exchange surface area and highly efficient extraction of oxygen in tissue (Moraga et al. 1996 , Benavides et al. 1989 Ostojic et al. 2002) . Another adaptation in the highland newborn llama may be lower values for P aCO 2 , without the development of alkalosis. The latter suggests greater capacity to eliminate blood bicarbonate through urinary excretion in highrelative to lowland newborn llamas. Accordingly, chronic hypoxia in rodents reduces the abundance of bicarbonate transporters, such as NBCe1, NBCn1, NDCBE and NBCn2 (Parker & Boron, 2013) . It is possible that the ability to preserve, or even to increase the expression of these transporters may be an adaptive strategy of the newborn llama to withstand hypoxia whilst avoiding blood bicarbonate accumulation relative to P CO 2 .
In summary, we show that high-relative to lowland newborn llamas have a blunted pulmonary hypertensive response to superimposed acute hypoxia and that the mechanisms involved include enhanced NO function in the pulmonary vasculature without any changes in BKCa, PDE5 and PKG-1. Blunting of the pulmonary pressor response to acute hypoxia may represent an adaptive response to life at high altitude in the newborn highrelative to lowland llama. However, this adaptation is insufficient to prevent pulmonary artery remodelling at least in the neonatal period.
